A statistical analysis was conducted on long-term climate records in the Okanagan Valley wine grape growing region of British Columbia, Canada. No observable trends for average annual temperatures were found in the region.
Introduction
Concerns over global climate change have led to a critical examination of its potential impacts on agriculture during the past several decades. Recent evidence suggests that, in the absence of adaptation, climate change may lead to food insecurity and major disruptions in agricultural activities for both temperate and tropical regions (Battisti and Naylor, 2009) . Projected impacts on wine grape production has begun to receive an increasing amount of attention due to the potentially significant impacts of anthropogenic climate forcings on the wine industry, as well as the industry's large direct global economic impact nearing one-quarter of a trillion dollars (Research and Markets, 2005) .
Analysis of regional climate variability over the coming decades may allow producers to more effectively manage and adapt to expected changes. In the United States, for example, previous work has suggested that extreme heat impacts may reduce premium grape production by up to 80% in the late 21 st century. These heat accumulation increases are predicted to shift production towards warmer climate varieties and/or lower-quality wines while reducing the impacts of frost damage, but the increase in extreme hot days (>35°C) may eliminate wine grape production across much of the United States (White et al., 2006) . Asymmetric warming (at night and during the spring), leading to reduced frost occurrence, a longer growing season, and more rapid and advanced spring 4 growth have been linked to increased yields and quality in California. Average springtime warming is occurring at twice the rate seen over the rest of the year in this region (Nemani et al., 2001) . Another study of the impacts of climate change on the industry in California showed that, assuming ripening occurs between 1150 and 1300 GDD 10 and using monthly average temperatures in the calculations between April and October, grape ripening is predicted to occur one to two months earlier and at higher temperatures by the year 2100 (Hayhoe et al., 2004) . Problems with earlier harvest dates brought on by climate change, assuming that grape development has still maintained a balance between sugar, acidity, and flavour, include hot and desiccated fruit without greater irrigation inputs (Jones, 2005a) . Since many of the world's grape growing regions are located in semi-arid environments where water scarcity is a major scientific and political issue, increases in irrigation demand to offset the harvesting of hot, desiccated fruit may not be possible.
Over the past century, the majority of the world's high quality wine producing regions have seen growing season average temperature increases of about 2°C (Jones, 2004) . A study of climate and observed changes in European wine grape phenology (Jones et al., 2005b) showed that growing season average temperatures increased by 1.7°C, maximum temperatures increased by 1.8°C, minimum temperatures increased by 1.9°C, with more warming in the spring and summer, and an average increase in GDD 10 of 264 across all stations. In general, 5 grapevine phenological timing in Europe over the past 50 years is occurring earlier and with more significant changes being observed in later events than in earlier events. Strong correlations between grapevine phenology and climate parameters were observed, with maximum temperatures being more important for early season events (i.e., budbreak and bloom), and average temperatures and GDD 10 being more important for later season events (i.e., veraison and harvest) (Jones et al., 2005b) . Vintage ratings over the past 50 years in most of the world's best wine regions have increased, which has been found to be correlated to increases in growing season temperatures (Jones et al., 2005a) . However, such relationships are potentially problematic as they do not explicitly incorporate improvements in wine production methods over this period.
Little work has been done regarding potential climate change effects on viticulture in Canada, and in particular, on the emerging wine grape regions in the province of British Columbia (Belliveau et al., 2006) . Because of the economic importance of the Okanagan Valley wine industry to the regional and British Columbia provincial economy (several hundred million CDN$), as well as the region's location within the current effective northern limits of Vitis vinifera table wine grape production, we have conducted a climatic analysis of this emerging wine region with projections as to how viticulture may evolve over the coming century. Our objectives were also to examine the potential spatial heterogeneity in any climate change signatures for the Okanagan Valley over the past century, 6 as such findings will help guide the level of downscaling required from global climate models in future studies to most adequately capture future climate change impacts for this region.
Regional Description
The Okanagan Valley is located in south-central British Columbia, Canada, approximately 300 kilometres east of the Pacific Ocean. The valley is long and narrow and runs northward for 160 kilometres from the US border at 49 to 50°N latitude ( Figure 1 ). The region lies in a rain shadow between two north-south trending mountain ranges, resulting in low annual average precipitation (from ca. 320 mm/y at Osoyoos [southern end of the Canadian portion of the valley] to ca. 480 mm/y at Vernon [northern end of the valley]) that is distributed evenly throughout the year, and only modest winds are typical. The area between Oliver and the US border is the northern-most tip of the Sonora Desert, which begins at the Baja Peninsula in Mexico. Summers are generally hot, with average daily temperatures in July and August (ca. 22°C) that are warmer than the Napa Valley.
Daytime maximum temperatures over this period can reach 40°C, and are often above 30°C for several consecutive days . In the summer, there are long daylight hours and high light intensity due to the northerly latitude, which helps with prolonged daytime photosynthesis and grape ripening. warming and cooling of the ocean, but is located in the northern Pacific. During the warm phases of the ENSO and PDO, winters are hotter and drier, with correspondingly colder and wetter winters during the cool phases of these patterns (Wallace and Gutzler, 1981; Trenberth and Hurrell, 1994; Mantua et al., 1997) . The ENSO typically acts on an inter-annual timescale, with recent strong events during the winters of 1982/1983, 1986/1987, and 1997/1998 . In contrast, the PDO operates on inter-decadal timescales with at least the following four phase changes since 1900 : 1900 to 1925 1926 to 1946 1947 to 1976 and 1977 and to the late 1990s, warm (Trenberth, 1990 . 
Effect of Climate Variability on Wine Grape Production
For the wine grape industry, climate is a dominant contributor to quantity and quality (van Leeuwen et al., 2004; Maltman, 2008; White et al., 2009 ). Major climatic conditions required for producing wine grapes with balanced composition and varietal typicity include low frost damage in mild winters, early and even budbreak, flowering, and development during warm springs, and optimal maturation with low summer temperature variability, adequate heat accumulation, and a lack of extreme heat (Gladstone, 1992; Jones, 1999; Nemani et al., 2001; White et al., 2006) . For the northern hemisphere, the four seasonal stages of grapevine development, together with the associated general climate influences, can be summarized as follows (Jones, 1999; Nemani et al., 2001) . While these four stages describe preferred seasonal climatic conditions, daily variation within each stage also helps contribute to optimum wine grape quality.
Assessing viticultural suitability with mean climatological parameters often neglects daily weather events that significantly influence the quantity and quality of harvest (Jones and Davis, 2000a) . For example, maximum daily temperatures during the summer months can influence grapevine growth both positively and negatively. Short-term periods with temperatures >30°C can assist ripening potential, but extended periods can cause heat stress in the vine, premature veraison, berry abscission, enzyme inactivation, and reduced flavour development (Mullins et al., 1992) . Similarly, while there is general agreement in using 10°C as the base viticultural temperature (i.e., GDD 10 ) for total growing season heat units when comparing different climatic regions, and for assessing a region's suitability for grapevine production (Oliveira, 1998; Shaw, 2001 Shaw, , 2005 , upper limits on heat summation ranging from 19°C to 21°C have been used because of the negative effect of sustained higher average temperatures on wine quality (Winkler et al., 1974; Gladstone, 1992) . We do note, however, that some have advocated caution in the use of relating GDD 10 to vine physiology, production, and quality in some regions (Jones and Davis, 2000a,b) .
In the maturation stage of late summer and early autumn, significant diurnal temperature ranges increase both sugar and tannin production in the fruit, helping preserve the balance for wine production (Gladstone, 1992) . These lower autumn temperatures are important in the production of quality table wines, ideally with prolonged cool temperatures before the first frost. Cool temperatures at this time of the late growing season, just before the mean monthly temperature decreases to <10°C, slow berry development and allow for a better balance of sugar and acidity and increased flavour and aroma constituents (Gladstone, 1992; Shaw, 2001) . A minimum temperature threshold also exists during the winter months, where effective chilling units are required to ensure uniform budbreak in the spring (Jones, 2005a) . Grape hardiness generally increases through the winter, and daytime temperatures <-9°C in late November and early December increase grape production, likely due to the prevention of vine de-acclimation (Caprio and Quamme, 2002) . However, most Vitis vinifera cultivars are injured at temperatures <-20°C, and temperatures <-12°C before mid-November can result in freeze damage, particularly to the primary buds. At <-25°C, even matured canes and young vines can be severely damaged, and at <-29°C, entire vines may be killed (Gladstone, 1992 An analysis of the dataset suggests this site lost reliable synchronicity in 1968, and is thus excluded from this study.
The remaining climate station records used in the current analysis come from small towns (<10,000 to 50,000 people) which are located in rural areas that do not contain a significant urban warming component (Vincent and Gullett, 1999): Osoyoos, pop. 4,752; Oliver, pop. 4,370; Penticton, pop. 31,909; Summerland, pop. 10,828; Okanagan Centre, pop. 9,606; Vernon, pop. 35,944 (British Columbia, 2007) . Significant rural land use changes have occurred in the Okanagan Valley over the past century. Areas have shifted between agricultural crops (e.g., tree fruits to grapes) and among cultivated, livestock grazed, and fallow states. These changes, even in the absence of greater urbanization, can affect the mesoclimates around nearby climate stations due to varying vegetation levels/types and irrigation systems. However, the lack of reliable historical details prevent an assessment of how these impacts may have influenced the synchronicity of long-term climate records at each station.
Each time-series was analysed for first-order autocorrelation using the Durbin- One of the earliest indices developed for agriculture is the heat units concept using growing degrees base 10°C (GDD 10 ) (Amerine and Winkler, 1944) .
Correlating the GDD 10 with quality wine grape production has led to Winkler heat unit regions, whereby increasing Winkler region numbering (e.g., 1, 2, 3, 4) denotes increased heat units accumulating during the growing season (Winkler et al., 1974) . However, the GDD 10 based heat unit approach for discriminating among wine grape growing regions has been found to be most accurate for cultivars (e.g., Pinot Noir, Pinot Gris, Chardonnay) and the lower limit for the classic Bordeaux reds (e.g., Merlot, Cabernet Sauvignon) and Burgundian whites (e.g., Aligote), to a heat unit range at the interface between the upper limit for the Bordeaux reds and Burgundian whites and the lower limits for the warmer whites (e.g., Sauvignon Blanc) and reds (Malbec, Barbera) of southern France, California, and South America.
In contrast, the trends at Oliver and Penticton suggest a decline in heat units by 2100 (4% and 13%, respectively) due to decreasing mean temperatures in midsummer at both locations, and also late summer/early autumn declines at At present, most of the Okanagan Valley's wine grape production occurs near Osoyoos and Oliver, with a focus on Merlot and Chardonnay. Our findings suggest that should the industry want to continue increasing the production of Chardonnay, this variety will likely need to shift northwards in the valley over the next few decades. The projected warming at Osoyoos will likely make this area too warm for quality Chardonnay production. In contrast, the projected warming at the southern end of the valley will likely favor improved quality in Merlot production, consistent with the recent trends towards increased planting of this variety near Osoyoos and Oliver.
In addition to direct impacts on the vine, climate changes also alter the distribution of pests in a region. For example, Pierce's disease (from the bacterium Xylella fastidiosa) has been well established in California for over a century, but its range is highly temperature dependent. Where moisture and vegetation are abundant and average January temperatures are >4.5°C, the pest is a major problem. In the average January temperature range between 1.1°C and 4.5°C, Pierce's disease is common but controllable, and at <1.1°C, the disease is (2005, 2006, 2007, 2008) . for mean temperatures (T avg,1971-2000 ) over the available climate record, and corresponding trends at climate stations in the Okanagan Valley. Climate normals and averages are denoted by a preceding "N", with trends over the available climate record denoted by a preceding "T". Error bars are 95% confidence limits about the estimated trend (if present), with statistical significance in parentheses. 
